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ABSTRACT 



This thesis will be concerned with the antenna systems used for 
high power radio transmitters operating at Very Low Frequencies (10-30 
kHz). General problems involved in antenna systems, from the viewpoint 
of their equivalent electrical circuits, will be discussed. The re- 
quired matching networks will be covered and their relative performances 
indicated. A brief survey of signalling methods commonly used at VLF 
is included, and the relation between these methods and the aerial 
systems is discussed. 

A computer program (VLFANT) will be developed for a typical 
VLF aerial installation which may be used in the selection of component 
values for optimum operation. Written in FORTRAN IV, it is for use on 
a high-speed digital computer. Circuit parameter values may be changed 
at will, and the system response using different network arrangements 
easily determined. With this program as a design tool proposed systems 
may be completely evaluated and the proposed changes to operational 
systems easily studied. 
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I. INTRODUCTION 

This thesis will be concerned with the design of antenna systems 
used for radio communications at Very Low Frequencies (10-30 kHz) . Prin- 
ciples of design and operation of the systems, from the viewpoint of 
their equivalent electrical circuits, will be discussed. The design 
and use of matching systems will be covered, and a brief analysis of 
information transmission methods used at VLF will be included. 

Selection of the proper complete antenna system is difficult, 
and under field conditions the best designed system may not function 
efficiently. In order to choose component values for optimum opera- 
tion, a computer program (VLFANT) will be developed. Parameter values 
may be varied at will and their effect on overall operation quickly 
determined. 

The computer program is written in FORTRAN IV language for use 
on a high-speed digital computer such as the IBM System/360. The 
U. S. Navy VLF installation at Northwest Cape, Australia has been 
selected as a model and its performance will be discussed. Modifica- 
tion for other installations may be easily accomplished. 

Historically, the Very Low Frequency spectrum was used as the 

primary long range communication medium, with a number of stations being 

l>v 

built in the period from 1910 to 1912 for world-wide service. Begin- 
ning in the 1920 ! s, however, with the discovery and subsequent high 
usage of the "shortwave" frequencies, the utilization of the 10-30 kHz 
range for long distance communications rapidly declined. But within the 
last decade VLF has again come into wide use by both the civilian and 

* Numbers in superscript refer to references, listed at the end of this 
thesis . 
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military communities for accurate time and frequency standards, naviga- 
tion and specialized communications. This renewed interest is due to 
the predictable propagation characteristics of these very low frequen- 
cies, the long ranges attainable, and the ability to penetrate the 

ocean depths, a requirement raised by man’s new interest in the under- 
2 

sea world. As of July, 1963 over 90 VLF transmitters were known to be 

operating below 30 kHz and in the past few years others have been 

added. ^ The lowest operating frequency regularly in use is 10.2 kHz, 

which is part of the U. S. Navy Omega navigation system, while the 

lowest frequency used for communications is 15.5 kHz at the U. S. Navy 

3 

VLF station at Northwest Cape, Australia. 

The earth and lower edge of the ionosphere tend to act as 
concentric shells which guide VLF radio waves. There is little pene- 
tration into the ionosphere by the skywave portion of the signals and 
very small attenuation of the groundwave. Thus signals of notable 
strength may be produced at distances of up to 1,000 km. Absorption 
and attenuation tend to decrease in winter, at night, and with decrease 

in frequency. The major loss in signal strength is a function of 

4 

distance from the transmitter; fading is never observed. Solar acti- 
vity can cause a change in VLF propagation, but the lower the frequency 
the less the effect. For the same reason VLF is relatively immune to 
nuclear blackout."* 

Despite these advantages VLF is not completely utilized because 
the aerial systems are large and inefficient, with much of the generated 
radio frequency power going into ground and copper losses. Additionally, 
the total number of stations which can operate is limited and each sta- 
tion is therefore restricted to a narrow modulation band. 
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A typical modern VLF communications transmitting installation 
uses very high power, often in the hundreds of kilowatts. The antenna 
is very large physically, and the associated components must have good 
mechanical strength and be able to withstand high voltage and current 
gradients."* In fact, the rf feed-through bushings for Northwest Cape 
are about 16 feet tall and weigh almost 3.5 tons apiece. 

With such an investment in materials, cut and try methods of 
design cannot be used. A proposed system must be painstakingly de- 
tailed, and such variables as stray capacitance included in the 
theoretical analysis. In the past, prior experience with operating 
installations has been combined with modelling studies in an attempt 
to get the best design. Exact mathematical descriptions of operations 
may have been available, but the evaluation of the expressions could 
take months to complete, and with a slight change in a single parameter 
could have been rendered useless. Also the form of a system might not 
fit the nice geometric configurations of a model, calling for approxima- 
tion techniques whose accuracy would be M ball park" at best. 

Today this hurdle is being overcome with the use of high-speed 
digital computers. Commercial antenna manufacturers are designing 
their systems with the aid of computer programs, still retaining models, 
however, as a check on the theoretical results. As one antenna engineer 
has said: 

It is significant that the properties of an antenna 
configuration, for example, can be evaluated more econom- 
ically by computer techniques than by experimental methods ; 
however, it is perhaps even more important that the computer 
can also be programmed to change the antenna configuration 
in a systematic way to find a structure that is optimum in 
certain respects. It is not at all unrealistic to expect 
that an optimization that might take several weeks if done ^ 
experimentally can be done within ten minutes by computer. 
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This thesis, then, will be concerned with one part of a VLF 
transmitting facility: the interconnection of a previously designed 

VLF antenna with the transmitter. A review of basic principles of such 
a connection will be presented first, and then a computer program 
developed to aid in the optimum selection of the coupling network. 
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II. 



BASIC PRINCIPLES 



This section will discuss some of the basic principles appli- 
cable not only to the design of the VLF aerial itself but to the 
matching networks and signalling methods which must be considered in 
the design of the overall antenna system. 

A. Aerials 

It has been stated many times that the most important part of 
a transmitter installation is the antenna system, since the best trans- 
mitter is practically worthless if its energy cannot be properly 
matched to the atmosphere and radiated into space. This is especially 
true in the Very Low Frequency range. 

Wavelengths range from 10 km (16 statute miles) at 30 kHz to 
30 km (48 statute miles) at 10 kHz. The simple half-wave dipole which 
is so popular in the High Frequency bands might be possible here if the 
required real estate was available. But for long range propagation of 
VLF signals, vertical polarization is necessary, and the quarter-wave 
vertical antenna would have to be 7.5 km (12 statute miles) high. 
Consideration of supports and protection against the elements clearly 
makes such an installation impossible. 

Since VLF signals are generally "broadcast” in an omnidirec- 
tional pattern, some form of single vertical radiator seems the most 
appropriate aerial to use. Towers are generally limited to about 
1,000 feet (305 meters), although there are cases where geographical 

g 

features may be utilized to increase the height. With a limit to the 
physical height of the aerial, it is proper to consider possible 
increases to the electrical height. 
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Consider a transmission line which is one-quarter wavelength 
long electrically, fed with a sinusoidual input, and terminated in a 
resistive load much greater than its characteristic impedance. The 
current through the load will be very small, the voltage across the 
load high. As we move from the load towards the generator the current 
will increase while the voltage will decrease, and a phase difference 
will develop between the two. At the generator end of the line the 
voltage and current will be in phase again. If the Impedance at any 
point along the line is defined to be the quotient of the voltage 
divided by the current, then we see that due to the difference in phase, 
the impedance will have a magnitude and a phase. With current leading 
the voltage the impedance phase will be negative, the same condition 
as exists for a simple circuit composed of a resistor and capacitor. 

The yertical aerial may be compared to a transmission line, and 
since it is less than a quarter wavelength long, it, too, will exhibit 
a capacitive reactance at the "generator" terminals. If some additional 
capacitance was added at the top of the aerial it would appear electri- 
cally to be just more "transmission line" and thus appear longer elec- 
trically. The 1,000 foot tower is so very much shorter than a quarter 
wavelength that in general the more capacitance we can add the longer 
the aerial will appear. This addition of capacitance is known as 
"top loading" and the capacitor itself is known as the "top hat" due 
to its physical arrangement. 

Actual construction often consists of a number of horizontal 
wires run radially from the central tower to outlying towers, for 
distances up to 8,000 feet, forming a circular electrical "plate," 
covering up to two square miles. The other "plate" for the capacitor 
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is the ground, which must be more than just the earth. The basic 
operation of a quarter-wave vertical aerial depends on an ’’image 11 
aerial of equal length to be formed in the ’’ground,” so the earth 
ground system must form a ’’ground plane.” 

As might be assumed from the discussion above, the proper 
design of a VLF aerial system is relatively complex. Although the use 
of modern analysis has been suggested, it has been the practice up to 

this time to apply basic and empirical formulae and then make a model 

* . 7,9,10 

of the proposed system. 

An example of such an approach is the design of the aerial for 

the U. S. Navy station at Cutler, Maine. First, a number of designs 

were studied in theory and many rejected; the most promosing were then 

modeled using a scale of 2500:1.^ The best of these models were then 

12 

selected and new models were made with a scale of 100:1. A final 

report was then issued with a recommended antenna, including extensive 

cost data, preliminary sketches, computational results, modelling 

results, and predicted performance against the elements, including high 

13 

winds and ice loading. 

Two important parameters for the resulting aerial system are 
the radiation resistance and the effective height, which is ”the 
height of the antenna center of radiation above the effective ground 

9 

level.” The latter is usually determined from modelling measurements. 
The radiation resistance is the true ”load” of the aerial and power 
dissipated in this ’’load” is actually radiated into space. These two 
parameters are proportionally related through a simple expression. The 
radiation resistance normally has a magnitude on the order of one ohm. 
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Figure 1 shows a sketch of the aerial system in use at the VLF station 
at Northwest Cape, Australia. 

Once the final aerial system design has been made, it is pos- 
sible to consider the system as a series electrical circuit, such as 
shown in Figure 2. The radiation resistance is the "load," ohmic 
resistances of the tower and cables are lumped into the loss resistance 
term, the capacitance is primarily that of the top-hat, and the down- 
leads to the transmitter form the inductance. 

A more thorough analysis would show other reactive elements 

such as stray capacitance, but they have been combined where possible 

and ignored when practical. It is also possible to use more than one 

5 

downlead but that will not be considered here. 

In standard network analysis the reactances would be combined 
and the sum considered as a single parameter. This will be done later 
when it comes to impedance matching, but for the aerial itself the 
reactances must be considered separately. For a typical VLF aerial 
the capacitive reactance can be assumed to be about four times greater 
In magnitude than the downlead reactance. 

The static capacitance (neglecting the downlead inductance) 
determines the major limits for a VLF aerial. The "Q" or quality 
factor is defined to be the ratio between the stored and dissipated 
energy, or the capacitive reactance divided by the radiation resistance. 
The Q also determines the aerial circuit bandwidth. For VLF aerials 
the Q has a value of several hundred, and the bandwidth is measured in 
ten's of Hertz. 
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Figure 1. 

Aerial Structure - Northwest Cape, Australia 
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Where X = capacitive reactance at the 
operating frequency 

f = operating frequency 

There is a second set of values for the aerial Q and bandwidth 
often encountered which involves the loss resistance. At the input 
terminals of the circuit in Figure 2 the loss and radiation resistances 
are seen as a single resistance sum. From the network analysis view- 
point, Equation (1) must be modified as follows: 



ant 



l jx c| 

^radiation + ^loss 



• • • ( 1 • a) 



If an aerial system with the loss and radiation resistances 
equal is considered, the Q as seen from the input terminals is only 
one half that of the aerial itself and the bandwidth is doubled. Since 
the losses depend upon the actual aerial installation and the associated 
coils, leads, ground, etc., the Q in Equation (1) is the one of most 
concern in the initial aerial design. From the operational viewpoint, 
however, the Q determined from Equation (l.a) and the corresponding 
bandwidth are the parameters of most concern. 

One of the two major VLF system limitations appears here. This 
is the breakdown voltage rating of the various components in the aerial. 
(The second is a limitation on the power the transmitter can produce.) 
With the low radiation resistance, high power necessitates high current 
which in turn produces high voltage across the reactances. The voltages 
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Figure 2. Basic Aerial Circuit 
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across the capacitive reactance (Figure 3) and the total aerial react- 
ance are the ,f top-hat u and "base" voltages respectively. Note that the 
voltages may be expressed directly in terms of the quality factor for 
the respective reactances, when the aerial is tuned to resonance. 
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ant in 



^downlead ^in 



= voltage applied to the 
series circuit 

= Q of the downlead or total reactance, 
defined similarly to Equation (1) 



...(3) 

...(4) 



Another problem is corona which takes place just before break- 
down occurs. Corona develops at high voltage points which are physi- 
cally near points at ground potential, and it may occur at the endpoints 
of the top-hat, the base of the downlead, cable connections, sharp bends, 
and at points where the wires may be frayed or nicked. High rf noise is 

generated and the aerial circuit is detuned. Corona rings and the caging 

14 

or bundling of cables may be used for protection. 

The aerial self-resonant frequency is the series resonant con- 
dition when the inductive and capacitive reactances are equal and is 
usually outside the VLF band. The top-hat provides the major part of 
the aerial capacitance, without it the self-resonant frequency would be 
even higher. 



...(5) 



f self-resonant 2 tt \fi C 

As the aerial capacitance is increased the Q will decrease and 

the bandwidth increase. The effective height will also increase and 

9 

with it the radiation resistance. The top-hat voltage (a function of 
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radiation resistance and capacitive reactance) will tend to decrease. 
Thus the greater the top-hat capacitance the better the aerial will 
perform. 

The aerial efficiency is >the ratio of the radiation resistance 
to the sum of all resistances in the circuit. Since the radiation 
resistance is of the order of one ohm, all loss resistances must be 
equal to or less than this to obtain an efficiency of 50% or greater. 
In practice this can be done by using large diameter cables to reduce 
losses . 



Efficiency = 



radiation 

^radiation + ^loss 



...( 6 ) 



Equation (6) is good only at a specific frequency since the radiation 
resistance will normally increase with frequency. The lower the oper- 
ating frequency, the more carefully all losses must be considered. 

In summary, the normal VLF aerial is much shorter than an 
electrical quarter wavelength and is electrically lengthened through 
the use of top-loading capacitance. It is physically large (mainly 
due to the top-hat), has a high Q and narrow bandwidth. The achieved 
efficiency will in practice be close to 50%, and limitations on power 
handling ability is usually caused by breakdown voltages across the 
reactive elements. 
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B. Impedance Matching Networks 



Maximum power transfer between a generator and its load occurs 
when the load resistance is equal to the generator resistance. If the 
generator impedance has a reactive component then the load should have 
a reactance of equal value but opposite sign. The generator and load 
impedances are then "conjugates . M 

In radio frequency applications the generator can usually be 
made purely resistive, and thus the load should be a pure resistance. 

But even with a pure resistance load maximum power transfer may not 
occur. For example, if a vertical quarter wavelength radiator, half- 
wave dipole or folded half-wave dipole are each resonant at the same 
frequency their input impedances are purely resistive. But their 
magnitudes are 36, 72, and 300 ohms respectively 0 If the generator 
has a resistance of 50 ohms, maximum- power transfer cannot be directly 
accomplished with any of these systems. 

A network may be added between the generator and antenna which 
will allow maximum power transfer. The generator sees the network and 
antenna combination as a 50 ohm resistive load, and the antenna looking 
into the network-generator combination sees a pure resistance source 
of the proper magnitude. The network which meets these requirements 
is known as an impedance matching network. 

It is desirable to introduce as little insertion loss as pos- 
sible, so the network should be "lossless . M If resistors are used in 
the network such a requirement cannot be met, but by using high quality 
reactive components the lossless case can be closely approximated. No 
component is ideal, but the ohmic resistance can be made very small, and 
in any case, much, much less than the alternating current reactance. 
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VLF aerials have been shown to have a resistive component in 
their input impedance, and since inductive and capacitive parameters 
are present, also a reactance term; except at the precise resonant 
frequency. When operation at other than resonance is desired the 
reactance term will appear and increase in magnitude the further 
operation is attempted from resonance. Below resonance the reactance 
will be capacitive; above resonance inductive. In the following discus- 
sion it will therefore be assumed that the aerial is a complex 
impedance load. 

Impedance matching networks are built using the basic prop- 
erties of series and parallel circuits. In Figure 4 two circuits 
with identical behavior at the same frequency are shown, the second 
being the parallel form of the first. The parameters are defined as 
follows : 



Z 

s 




+ J* 



where 



Z 

P 



R + iX 
P P 



...(7) 

...( 8 ) 



Z g = impedance of series circuit 

Zp = impedance of parallel circuit 

R = series resistance term 
s 

iX = series reactance term 
J s 

Rp = parallel resistance term 
jXp = parallel reactance term 

The impedance of the two circuits is the same at the same fre- 
quency. The quality factor of "Q" defined in Equation (l.a) for the 
aerial may now be generalized to apply to both the series and parallel 

circuits. At the operating frequency, both circuits have identical 
"Q ! s." 
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|jX„ 



jX r 



for the series circuit 



for the parallel circuit 



...(9) 

...( 10 ) 



Equations for converting between series and parallel circuits 
are given below: 



Parameter 






t Q !! Equations 
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Reactance Equations 
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...( 11 ) 
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...(13) 



.(14) 



Either the "Q" equations or the reactance equations may be used 
in transforming from one circuit to another. When the reactance of a 
series circuit is greater than the resistance by a factor of 10 or more 



(or less by , 


a factor of 10 


for the parallel circuit) 


then the equatio 


above may be 


simplified . 
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Examination of equations (15) through (18) shows that an error 

of 1% occurs when Q is 10; the error decreases as Q increases. 

If the circuits in Figure 4 are to be modified to be purely 

resistive an additional reactance is needed. Thus if a reactance of 

the same magnitude as but of opposite sign is added to the series 

circuit, the reactance will sum to zero and a pure resistance results. 

By the same token, adding a reactance which is the conjugate of to 

the parallel circuit will give a resultant impedance equal to R^. 

The above operations may be combined to produce different 

results. If a reactance of magnitude X but of opposite sign than X 

s p 

is added in series to the parallel circuit, then the total impedance 

becomes R . This may be seen by first transforming the parallel cir- 
s 

cuit to its series equivalent and then adding the new reactance. 

Alternately, if a reactance of magnitude X with sign opposite X is 

p s 

added in parallel to the series circuit, R^ is the resultant impedance. 
These results are shown in Figure 5 and summarized below: 



Circuit 


Added Reactance Connect In 


Series 


- 


K 


series 


Series 


- 


l jx pi 


parallel 


Parallel 


- 




series 


Parallel 


- 


JX P 


parallel 



Resultant R 



R 



R 

P 
R 

s 
R 

P 

The procedures above are the basis for a common type of imped- 
ance matching networks. Methods for connecting a reactance to a cir- 
cuit and obtaining either the series or parallel value of the resistance 
have been shown. But suppose a resistance value other than R g or R^ is 
desired, but still without any reactive terms present. This can be 
done but may require a second reactance to be used. 
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Figure 4. Basic Series and Parallel Circuits 
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Following the work of Fowler and Kemp, the circuit shown in 

Figure 6 is used . ^ With the circuit broken at A looking to the right, 

a resistance R^ is seen. Similarly, if the circuit is broken at C, 

looking to the left R is seen. Thus resistances R and R are matched 

s s p 

to each other. However, at cut B the circuit to the right is R - jX ; 

s s 

to the left is R in parallel with jX , If the series circuit to the 
P P 

right is transformed to its parallel equivalent, R^ is in parallel with 
-jXp. The left and right hand circuits are seen to have equal resistive 
components (R^) but conjugate reactances (equal magnitude but opposite 
signs) . The parallel circuit could have been transformed to a series 
circuit and given a resistance of R g at cut B. No matter what form is 
used, the impedances at B are seen to be conjugates. 

From Equation (11) R^ is seen to be always, greater than R g . 

Then to match two resistances the higher resistance may be connected 
across the shunt arm of the network to the right of cut A. The two 
reactances are adjusted to give conjugate impedances at cut B. If the 
two loads to be matched have reactive as well as resistive terms, then 
the reactances in Figure 6 are first adjusted to make the loads purely 
resistive and then modified to meet the matching requirements. Due to 
its physical shape, the network between cuts A and C in Figure 6 is 
known as an "L" network. 

Figure 7 shows two other forms of matching networks, the Tee 
and the Pi. These networks are seen to be the combination of two L 
sections combined in different ways. They may in fact be designed as 
two L sections and then combined. 

When pure resistances are matched the two reactances in the L 
network must have opposite signs, in the Tee and Pi this is extended 
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u igure 7. Tee and Pi Networks 
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to having one element different from the other two. These restric- 
tions do not apply if the loads have reactive components. 

If the Tee and Pi networks are constructed as shown in Figure 7 
then they are called symmetrical.’ The inductors and capacitors may be 
interchanged in either network without destroying the symmetry. It 
should also be clear from Figure 7 that the Tee and Pi networks shown 
are duals, and at a given frequency one may be directly substituted 
for the other. 

Tables I, II, and III give the equations needed for designing 
impedance matching networks of the L, Tee, and Pi forms respectively. 

In all cases the two impedances to be matched are assumed to be purely 
resistive. If they are not, the networks should be designed on the 
assumption that they are, and then the network legs may be modified 
as required. 

An alternate method of computing values for the Tee and Pi 
networks is to consider each as a lumped parameter equivalent of a 
quarter-wave transmission line. Such a line is often used for imped- 
ance matching, and has the additional property of inverting the load 
as seen at the input network terminals. That is, if a load which has 
infinite impedance (open circuit) is connected to the Tee, reactances 

X and X -X are seen to be a series resonant circuit, which has zero 
a d e 

impedance. Conversely, a zero impedance load (short circuit) causes 
X^ and X^-X^ to be a parallel-resonant circuit which has an infinite 
impedance. The Pi network may be similarly described. 
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TABLE 1 



L SECTION DESIGN EQUATIONS 
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TABLE II 



TEE NETWORK DESIGN EQUATIONS 



Diagram 




Assumptions 



*b > R a 

Both and are purely resistive. 

R > both R and R, 
c a d 



Given 



R a ’ *b ’ R c 



Equations 



X = ± R 



*b = 1 *b 



\l 



R 

r - 1 

a 



R 

c 

*b 



1 



X, X 
d e 

X„ + X 
d e 



X, = + 



R 



- 1 



R 



X = + 



- 1 



Note: X^ and X^ have opposite signs. 

X^ and X^ have opposite signs. 



...( 21 ) 

...( 22 ) 

...( 23 ) 

...( 24 ) 



( 25 ) 
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Given 


R 

a 


’ *b ’ X a 








R 


X 9 

- R [1 + feV] 


...(26) 




c 


CL 




a 






x d 


R a 2 

- x ri + (~n 

a A 

a 


...(27) 


Equations 


*b 


Use 


equation (22) 






X 

c 


Use 


equation (23) 






X 

e 


Use 


equation (25) 




Given 


R 

a 


• *b • *b 








R 

c 


X. 9 

- "b [1 + ( v ] 


...(28) 




X 

a 


Use 


equation (21) 




Equations 


X 

c 


Use 


equation (23) 






x d 


Use 


equation (24) 






X 

e 


Use 


equation (25) 




Given 


R 

a 


• S > x c 


























pr 






X 

a 


= -x 

c 




1— - (— ) 2 
R, V X ' 

D C 


...(29) 


Equations 




« -x 

c 


i ± 

_ \ 


S. (V 

R V X J 
a c 


...(30) 




x d 


Use 


equation (24) 






X 

e 


Use 


equation (25) 






X 

c 


Use 


equation (26) or 


(28) 



TABLE II (continued) 
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TABLE III 



PI NETWORK DESIGN EQUATIONS 



Diagram 




Assumptions 



*b > R a 

Both and are purely resistive. 



R < both R and R, 
c a d 



Given 



R a ’ *b ’ R c 



Equations 



X = + 






- 1 



*b 



\ = 



= + 



ft 



- i 



X. + X 
d e 



X. 



X 









Note: X & and X^ have opposite signs. 

and X^ have opposite signs. 



...( 31 ) 



...( 32 ) 

...( 33 ) 

...( 34 ) 

. . .( 35 ) 
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Given 


R a * ^ ‘ X a 


Equations 


X 

a 

X. - X , ...(36) 

d 1 + ( F> 2 

a 

R a 

R c - R a 2 ‘•• (37) 

c i + (jjV 

a 

X^ Use equation (32) 

Use equation (33) 

X g Use equation (35) 


Given 


R a * «b * *b 


Equations 


X - X 2 ...(38) 

6 1 + (~) 

*b 

*b 

R c " 2 

X + (~) ...(39) 

*b 

X fl Use equation (31) 

X £ Use equation (33) 

X^ Use equation (34) 


Given 


R , R. , X 

a T> c 


Equations 


X a - -Vc / 
*b - -V t ' 

Use equa 
X g Use equa 

R^ Use equa 




,..(40) 

...(41) 


R ± k R. - X 2 

L a \| c = 


r, t /r r. - x ^ 

_ 0 y/ at c 

tion (34) 

tion (35) 

tion (37) or (39) 



TABLE III (continued) 



The networks described, although designed for impedance 
matching, will also act as filters. In work at radio frequencies one 
is usually interested in surpressing higher frequency harmonics, and 
thus a low pass filter response is desired. Or there may be undesirable 
sidebands produced by modulation of the basic carrier system, and then 
a bandpass filter which would discriminate against unwanted frequencies 
would be called for. 

The choice of which impedance matching network to use is based 
on a number of factors. What is the ratio of the two resistances to 
be matched? What type of reactance do the loads have, is it large or 
small, and how may it best be cancelled out? Will one of the loads 
vary significantly with frequency or will the resistance remain fairly 
constant and only the reactance vary? How many components are avail- 
able for the network? What power and breakdown voltage ratings must 
be met? What magnitude of stray capacitance will be encountered? 

(The Pi network with capacitors for the legs would be useful here.) 

What about ease of operation; can tuning be quickly, and accurately 
accomplished by the personnel involved? 

Additionally, what power will be dissipated by the network? 

The proper choice of network may mean a substantial improvement in 
efficiency. Terman points out that "for a given [impedance] transforma- 
tion ratio, the "L" section has a lower loss than either the Tee or 

pi ." 4 

Example : 

As a particular example of impedance matching, the aerial 
circuit shown in Figure 2 and redrawn in Figure 8(A) will be used. The 
impedance values shown are typical of a VLF aerial, and are chosen to 
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show the range of magnitudes encountered. It is desirable to use a 
matching network to obtain a purely resistive output of 12.5 ohms at 
the operating frequency. 

A number of variations of this circuit are possible. In 
Figure 8(B) the reactances have been combined, since this is what a 
radio frequency bridge connected to the input terminals would see. 

It is also possible to take the capacitor and resistor as a sub-network 
and convert them to their parallel equivalent circuit, as shown in part 
C. Since the Q of this circuit is greater than 10 by Equation (9), the 
transformation may be made using Equations (11) and (12) . A similar 
procedure yields the circuit shown in part D. The parallel circuit of 
part E is determined from the circuit of part B. 

Since the desired resistance at resonance is 12.5 ohms, and such 
a value does not appear from any of the manipulations in Figure 8, the 
most direct approach to the desired result would be to use the circuit 
in part B and add a matching network. Figure 9(A) shows such an approach. 
First a reactance of equal magnitude., but opposite sign is added in series 
to produce a pure resistance. Then a simple L network is designed to 
convert the 0.308 ohm load to the desired 12.5 ohms. When constructed, 
the series inductance would be included in so that the completed 
network would be to the left of 4:he dashed line. Values for the L 
network are found from Equations (19) and (20). 

A second approach would be to use the parallel form of the 
aerial circuit. Here the new inductive reactance Is connected in 
parallel and the L networks used to convert 7,550 ohms down to 12.5 
ohms. Again the completed L network would be the circuit to the left 
of the dashed line. 
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Figure 8. Variations of Basic Aerial Circuit 
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The networks in Figure 8, parts C and D may also be used. If 
it is desired to have a pure resistance at resonance the total series 
reactance must have the same magnitude but opposite sign of the parallel 
reactance. In both of these cases it is seen that an additional induc- 
tive reactance of j48 ohms is required and the total network resistance 
will be the same as the series resistance, 0.308 ohms. 

There is also the possibility of using some form of transformer 
arrangement to achieve the desired 12.5 ohms. In fact a single induc- 
tor could be used as an autotransformer if the taps were properly 
chosen. If the circuit in Figure 8(E) has an inductive reactance of 
j 48 ohms connected in parallel across it the result will be a parallel 
resonant tank circuit with a resistance of 7,550 ohms. If the inductor 
is tapped as shown in Figure 9(C) then 12.5 ohms will be measured 
between the tap and ground. 

The relation, between turns and impedance for an autotransformer 
is given by: 




where Z^ ■ primary impedance 
Z 2 “ secondary impedance 

N = turns ratio 

With Z^ and Z^ equal to 12.5 and 7,550 ohms respectively, N is 
found to be 1/24. A total inductive reactance of Jj 48 ohms is needed, 
and since inductance varies directly with the number of turns, a selec- 
tion of the tap such as that shown in Figure 10 can be made. Here it 
should be noted that the same results may be obtained by considering 

the circuit shown in Figure 8(B) to be made into a series resonant 
circuit. 
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Figure 9. Various Matching Arrangements 
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Figure 10. Autotransf ormer Matching 




Figure 11. Simplified Circuit 
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Figure 11 shows the resultant circuit. It is more convenient 



to consider the series form of the aerial circuit, which has an input 
impedance defined as:^ 



"in 



R(X l ) 2 + j[X L R 2 - £ (X L - X c )] 
R 2 + <X L - X c ) 2 



...(43) 



At resonance the reactance terms will partially cancel, and 
the simplified form below results: 

Z in ~~T~ + JX L - (44 > 

Thus by tapping the coil to lower the input resistance a 

reactance term has been added. (It should be noted that the proper 

tap on the coil is most easily, found by Equation (44) , since the 

resistive part of and the value of R are shown. X^ may be 

computed, and the total coil is merely equal in magnitude to the 

capacitive reactance.) 

Since the reactance is small it seems apparent that at some 

frequency other than resonance it will become zero. Figure 12 shows 

the general circuit, where the series capacitive reactance is assumed 

greater than the series inductive reactance at resonance. If the 

series sum is denoted by -IX , the input admittance for the circuit 

J J sum r 



Is given by: 



in 



R 



X 



2 2 
R + X 

sum 



+ jt 



sum 



2 2 
R + X X, 

sum L r 



..(45) 



The real part of the admittance at resonance should be 1/12.5 



mhos, so solving for X guflj : 



X « Jr (12,5 - R) 
surn ' 



...(46) 
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Figure 12. Zero Reactance Circuit 
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Figure 13. Final Circuit 
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With an R of 0*308 ohms the positive root for the magnitude 

of X will be used 9 which has a value of 1.93 ohms. It is now neces- 
sum 

sary that the reactive part of the admittance be zero so solving for 
the parallel inductive reactance: 



V 



2 2 
R + X 
sum 

X 



..(47) 



2 sum 

This inductive reactance is found to be 1.99 ohms, and the 
complete circuit may now be finished as shown in Figure 13. Comparing 
Figure 13 with Figure 10(B) , the value of the inductance has been 
increased very slightly, but the total input impedance of the circuit 
at resonance is now purely resistive. 

Examination of the circuit in Figure 13 shows the part to the 
left of the dashed line to be a L network. When values for the L 
network shown in Figure 9(A) are compared with those in the final cir- 
cuit, they are seen to be the same. Thus after some involved mathema- 
tics the same results as those obtained from the comparatively simple 
Equations (19) and (20) are determined-. . Several important conclusions 
can be drawn from this, when designing a matching network. 

First compare the magnitude of the desired resistance (12.5 
ohms) with the values obtained from manipulating the aerial network. 

As a series circuit the aerial had 0.308 ohms resistance, with the RC 
parallel configuration the resistance was 12,320 ohms, with the RL 
arrangement 715 ohms, and with the reactances summed and then formed 
into a parallel circuit 7,550 ohms. Since the series value of 0.308 
ohms is the closest to 12.5 ohms, use the series circuit. 

Next compute the values for the L, Tee and Pi networks which 
will make the desired transformation. At this time neglect the aerial 
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reactance completely. The L network will probably be the easiest to 
use although the wider tuning range available or size of components may 
show one of the others to be preferable. 



Finally include the aerial reactance (here -J48 ohms) in the 
circuit and modify the impedance matching network values to achieve 
the desired values. Choose variable tuning elements for the network 
so that any variation in component values in the final circuit may be 
compensated for. 

One additional word about the circuit shown in Figure 13; it is 
simple and requires only two components, the values are within easily 
obtainable ranges, and the aerial Is provided with a direct current 
path to ground which provides good protection against lightning and 
other electrical discharge. 



C. Transformer Coupling 



A coupling method not mentioned previously involves the use of 
transformers. They may be constructed to meet many different impedance 
ratios, but generally the magnitude of the loads must fall into a 
relatively narrow range. For example, a transformer with an impedance 
ratio of 10:1 and designed to match 500 to 50 ohms probably would not 
work well if used to match 50,000 to 5,000 ohms even though the ratio 
is the same. 

Transformers utilize iron cores at low frequencies, but at radio 
frequencies losses in the core become excessive and air cores are used. 
Satisfactory operation is usually limited to fairly small deviations 
from the center design frequency. 

At radio frequencies transformers find use where a relatively 
constant impedance ratio is involved, only small deviations in fre- 
quency take place, and as little attenuation as possible is desired. 

An additional advantage is that there is no direct electrical con- 
nection between the primary and secondary circuits. Energy transfer 
is made through magnetic coupling, a fact of some importance where 
high direct current voltages such as those in power amplifiers are 
present. 



A transformer wound with low resistance wire may be considered 
as a lossless two-port reciprocal network. If Z ^ is defined to be the 
input impedance, Z ^2 the output impedance looking back into the network, 
and Z^ equal to Z ^ to be the transfer impedances, then the impedance 
matrix for the transformer may be written: 



Z 



11 


Z 12 


21 


Z 22 



.(48) 
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Considering only the transformer in Figure 14: 

...(49) 
.. .(50) 

If the transformer is lossless and terminated in an impedance z ^ oac j> 



E 1 " Z 11 X 1 + Z 12 I 2 
E 2 = Z 21 I 1 + Z 22 I 2 



then: 



I 2 Z load 



...(51) 



By manipulation of equations (49) , (50) , and (51) , the input impedance 
looking into the transformer will be: 

E, 



or 



Z = — 

in II 2 

(Z 12> 

Z in " Z 11 " Z nn + Z, 



...(52) 



22 load 

For the lossless case, assuming no resistance in the input, 
output, or transfer, impedances (or else the reactance is much greater 



than the resistance) , Z^. may be written as: 



z = jwL + — (w y 

in 1 JwL 2 + 2 load 



. ..(53) 



where = primary transformer inductance 

= secondary transformer inductance 
M = mutual inductance 

w « frequency in radians 

A common application of transformer coupling is in the matching 
of a vacuum tube to a load. The tube may be considered as a generator 
in series with a high resistance, while the load is usually a much 
lower impedance. Such a circuit is shown in Figure 15. Examination 
of Equation (53) shows that the transformer-load combination may be 



replaced by a complex Impedance (Figure 16) . A capacitor is often 

added to the primary circuit to tune out the reactive part of the 
new load, and the desired Impedance matching can be accomplished. 




Figure 14, Basic Air-Core Transformer 





Figure 15. Vacuum Tube Source 
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Figure 16. Equivalent Circuit For Transformer 
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If the vacuum tubes are to be used as power amplifiers, the 
power can be increased to the limits of the tube without problem, 
providing the transformer windings will handle the high voltage and 
current present. Such units can be built, although they become 
physically large in order to keep the losses low and prevent any 
voltage or current breakdowns. 

When one amplifier has reached its power limit additional 
units may be connected. Figure 17 shows two such units. With several 
units on the line, the transformer secondaries and the load form a series 
circuit and the same circulating current will flow through all the series 
elements. Since all transformers are assumed, identical, each will have 
the same voltage rise, across the secondary terminals, the sum being 
equal to the voltage drop across the load. Then with four units on 
the line, Figure 18, each will supply one-fourth the voltage across 
the load, and with the same current as the load, in effect see one- 
fourth the impedance of the load, by Ohm's Law. If the transformer 
secondary reactances are cancelled out- at the operating frequency 
by a series capacitance in the circuit, then in effect with multiple 
units each will see a load resistance equal to the original load 
divided by the number of units in use. 

Modifying Equation (53) : 



Z 



in 



Load 

n 

where C 



jwLj. + jwL^ + Load^ 

m ~_1wC + Zload 
n 

■ secondary series capacitance 



...(54) 

...( 55 ) 



where Load «* portion of original load now seen 

by each transformer 

n = number of units on the line 
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With the secondary load of each transformer now a pure 
resistance, the primary circuit may also be made purely resistive by 
the tuning capacitor. When operation is at other than the normal 
operating frequency the secondary load will become reactive, but so 
will the primary circuit, and since all units are assumed identical 
all will behave in the same manner. 

Two problems now appear. First, and really most important, 
the power amplifier tubes are operated Class C. This means that 
they are on for less than 180 degrees in each cycle, and the plate 
voltage is not a constant. This entire area of Class C operation is 
a very important one which should be thoroughly investigated. Such 
complications can be temporarily avoided here by taking the time- 
average or dc value of the plate voltage and assuming it constant. 

Secondly, there will be some interaction among the power ampli- 
fier units, which are normally tuned up in sequence. As each additional 
unit is brought on the line, tuning conditions for those already present 
will change. Since the units have no magnetic coupling, and are fed 
from the same signal source, the interaction should not be too great 
in practice. However, the description above neglects such problems, 
and it is an area which requires a more detailed analysis. 

The approach above is easy to use: just divide the normal 

load by the number of units on the line to find the load for any unit. 
But the restriction that each unit be identical must be completely met. 
The only true test is to actually compare the units which will be used 
under the operating conditions, for after all, this is the information 

which must be used in actual operation. 

The effects of transformers in matching impedances has been 
discussed above. The term "M," shown in Figure 14 and used in 
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Equation (53) also has an important effect on the energy transferred 
from the primary to the secondary. The emphasis in the following pages 
will be on how this energy is transferred. 

A transformer consisting, of two windings may be used to couple 
energy from one circuit to another, without any direct electrical 
connection between the two. The coupling takes place when an elec- 
tromagnetic flux is common to both, and a mutual inductance is created. 
The flux, number of turns in the primary and secondary windings, and 
primary and secondary current may be manipulated to determine the 
mutual inductance in henrys. 

A form which is usually of more convenience when working with 
transformers already designed is given below. 



M 






= k |L 1 L 2 



...(56) 



where M = mutual inductance 
= primary inductance 
= secondary inductance 
k = coupling coefficient 

The coupling coefficient is a function of the geometric 
relation between the primary and secondary coils, theoretically equal 
to zero when the coils are infinitely far apart and equal to one when 
the coils are infinitely close together and the flux generated linking 
both coils fully. The mutual inductance M may range from zero to a 
maximum given by Equation (56) when k is one. In actual practice 
k cannot equal one, but may be made very close to one. (The auto- 
transformer discussed in the Impedance Matching section has a coupling 
coefficient of one.) 
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Transformers are frequency-dependent devices, and in most 
applications both the primary and secondary are tuned to the same 
frequency. Under these conditions the effect of coupling variation 
may be seen directly as shown in Figure 19. Four cases are shown with 
the variation of primary current and secondary voltage versus frequency 
sketched for each case. It is also possible to show the relation be- 
tween primary and secondary voltages or currents; the choice depends on 
the particular interests of the designer. 

M Undercoupling M is defined to occur when both the primary and 
secondary sides of the transformer are tuned to the same frequency and 
an increase in coupling will cause an increase in secondary voltage. 

If the coupling has been chosen such that the maximum secondary 
voltage is realized, then the circuits are said to be "critically 
coupled. " 

As coupling is increased beyond that required for critical 
coupling, the secondary response curve is seen to "widen," that is, 
have a small variation in magnitude as the frequency is varied about 
the center frequency. When the widest response is obtained without 
any peaks on the curve, then the circuit is "transitionally" coupled. 

Coupling may be increased still further and two peaks appear. 
This condition is the "overcoupled" case. 

Transformers operating at radio frequencies have low loss 
windings such that the coils have an extremely high Q and any ef- 
fective resistance in the circuit comes from external parameters. 

Thus the system in Figure 20 will have and as the dominant 
resistances. The capacitors and are used to tune out the 
inductive reactance of the primary and secondary respectively. 
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Figure 20. Basic Transformer Circuit 




Figure 21. Double-peaked Response 
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The Q of the primary circuit may be defined as: 







and for the secondary circuit: 



Q 2 





.( 57 ) 



...(58) 



where the reactances are measured at the resonant frequency. The 
coupling coefficient for critical coupling may now be defined as: 



k 

c 




(59) 



By substituting the expressions for Q and from Equations 
(57) and (58), may also be defined as: 



k 

c 




...(60) 



It was shown earlier that the square of the mutual inductance 

is a factor in reflecting impedance from one side of the transformers 

2 

to the other, so it is of interest to determine the value of (wM) 
when there is critical coupling. Thus in Equation (56) , using 
critical coupling as defined in Equation (60) : 



M 




...(61) 



Solving for the mutual inductance reactance squared: 



(wM) = R x R 2 



...(62) 



Examination of Equation (62) indicates that for the undercoupled case: 



(wM) < R x R 2 

while for the transitional and overcoupled cases: 

(wM) 2 > R 1 R 2 



(63) 

(64) 
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In radio-frequency circuits transformers are used for impedance 
matching and ease in coupling power from the transmitter or other source 
to a load. It is desirable to do this as efficiently as possible, so 
there should be maximum secondary power. 

Bandwidth considerations are also important, since sideband 
intelligence should be passed while undesired harmonics are simultane- 
ously attenuated. A compromise between power and bandwidth may be 
required for best overall operation. 

Critical coupling occurs when the secondary voltage or current 
reaches its maximum possible value. At this point the primary response 
has two peaks, the secondary still has one peak. If the Q's for the 
primary and secondary are equal then further coupling will cause the 
primary peaks to become more prominent and peaks will appear in the 
secondary. The transformer is then overcoupled. 

At high frequencies where modulation sidebands are only a small 
percentage of the carrier frequency, the critically coupled case may 
be optimum. At VLF, however, the aerial circuit is very narrow in 
bandwidth and it is desirable to have other circuits with bandwidths 
greater than that for the aerial. Thus it should be determined that 
the transformer will not place any additional restrictions on the 
system response. 

If the primary and secondary Q ? s are made unequal, then an 
additional coupling response is obtained between the critical and 
overcoupled conditions. The primary response will show peaks as 
critical coupling is reached and exceeded, but the secondary response 
will widen somewhat before the single peak changes into double peaks. 
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It is desirable to determine when the secondary response will 
change from a single to double peaks. This can be shown to occur when 
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(wM) 2 = 




...(65) 



If the mutual inductance reactance squared is less than the term on the 
right then there will be only a single peak (undercoupled condition) ; if 
greater there will be two peaks (overcoupled case) . If R^ is equal to 
R^, the peak or peaks will be equal to the maximum response at critical 
coupling [Equations (62) and (65) are then identical]; when the two 
resistances are not equal the peaks for overcoupling will be less than 
for the critical case. 

It is of interest to examine the magnitude for the various 
coupling conditions above. Figure 21 shows a double peaked case, and 
it will be assumed that R^ and R^ are not equal, and the primary and 
secondary Q*s are likewise not equal. Following the work of Henney, 
the gain at the center frequency for any coupling coefficient whether 
with single or double peaks may be written: 



Gain = 



M 



wM 



w Cl C 2 [ El R 2 + (WM) 2 ] 



...( 66 ) 



This magnitude is marked in Figure 21 by the dimension M c. n 

The maximum possible gain at the center frequency occurs with 
critical coupling for either single or double peaked curves. It is 
proportional to dimension "p" in Figure 21 and is given by: 



tFTh 






...(67) 



Gain 
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When the circuit is overcoupled the dimension "p" 



represents 



gain at the peaks of the two-peaked curve and is given by: 



Gain = 



” C 1 C 2 J' 



2M 

( 2wM) 2 (R x + R 2 ) 2 - (R.^ - R 2 2 ) 



( 68 ) 



The location for the peaks for the double-peaked circuit 
may be located by using the following equation, where f is the 
resonant frequency, and f the peak frequency."^ 




...( 69 ) 



The dual signs in the denominator are for the upper and lower fre- 
quencies f^ and f^. The bandwidth between peaks (Ap) may be computed 
from Equation (69), and the bandwidth between points where the gain 
equals that at resonance is given by Ac: 

Ac - f Ap ...(70) 

If a transformer has already been constructed there is an 
additional method of determining its coupling coefficient in the field. 
The primary circuit is tuned to resonance at frequency f^ with the 
secondary winding open. Then the secondary is shorted and the primary 
re-resonated, this time to the higher frequency f . The coefficient 
of coupling is then given by: 



k 

where 




f 

f 



f 2 

- C-p) ...(71) 

s 

o = primary resonant frequency, secondary open 
= primary resonant frequency, secondary shorted. 
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In summary it may be stated that the peak gain of the secondary 

2 

response curve depends on the ratio of (wM) to the product of R^ 

[Equations (62), (63), and (64)], while the shape of the response curve 

2 

depends on the ratio of (wM) to one-half the sum of the squared 
resistances [Equation (65)]. 

Example 

At this point it is of interest to look at some examples of 
coupling for a radio-frequency transformer. A variable transformer 
with a fixed primary circuit and adjustable secondary inductance and 
coupling coefficient will be used. Operation will be at one fre- 
quency, but the secondary load will be different for the various 
cases. The basic circuit is shown in Figure 22. Parameters for the 
transformer primary are given below: 

L = 430 yhenry X = J41.9 ohms 

1 L 1 

R^ = 4.2 ohms = 10 

(X = 0.25 yfarad f =15.5 kHz 

1 o 

Table IV shows the transformer response for four distinct 
cases. In Case One the secondary load resistance is 20 ohms, in 
Case Two it is cut in half to 10 ohms. For Cases Three and Four the 
secondary load has been reduced .to one-third and one-fourth of its 
initial value respectively. 

In all cases the secondary Q is very low, indicating a wide 
bandwidth. Coupling coefficients are given as determined by Equations 
(59), (60), and (71). The latter equation is considered the most 
accurate, since it is based on measured rather than calculated values. 
Capacitor C^ is used to tune the secondary alone to resonance at the 
operating frequency. 
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Figure 22* Circuit For Table IV 
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Figure 23. Resultant Circuit 
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TABLE IV 



TRANSFORMER COUPLING ARRANGEMENTS 



Case 

Parameter 


1 


2 


3 


4 


R 2 (SI) 


20.0 


10.0 


6.7 


5.0 


l 2 (yh) 


71.5 


49.0 


35.3 


27.0 


M (yh) 


91.5 


68.5 


54.6 


54.6 


^2 


0.348 


0.238 


0.172 


0.131 


(SI) 


6.95 


4.77 


3.43 


2.63 


(wM) 2 


79.5 


44.9 


28.4 


28.4 


c 2 (yfd) 


1.48 


2.16 


3.00 


3.91 


CN 

PS 

1 — 1 
& 


80.4 


42.0 


26.6 


21.0 


_ 2 , „ 2 
R 1 + R 2 
2 


208.8 


58.8 


28.9 


21.3 


k c (Eqn. 59) 


0.538 


0.650 


0.762 


0.875 


k c (Eqn. 60) 


0.534 


0.468 


0.430 


0.436 


(Eqn. 71) 


0.522 


0.474 


0.444 


0.508 


R 3 (Si) 


3.90 


4.49 


4.26 


5.68 
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For Case One the coefficient of coupling is less than critical. 
Equation (63) shows slight undercoupling and the shape of the secondary 
response curve should be single-peaked according to Equation (65) . 

Case Two is overcoupled by Equation (64) and will have a double-peaked 
curve from Equation (65), By the same equations Case Three is over- 
coupled but should have only one peak, a case of transitional coupling. 
Case Four is also a transitional form of coupling which should yield 
only one peak for the secondary curve. 

Using Equation (53) the transformer in each of the above cases 
may be replaced by a complex impedance. But since the secondary is 
tuned to the operating frequency only a pure resistance will be seen. 
The primary is also tuned, so the resultant load for the generator- 
resistance source is solely the reflected resistance, marked as R^ in 
the Table and in Figure 23. Only in Case One is the load less than 
the primary resistance; in the other cases there is a definite over- 
coupling effect. In summary, the only noticeable bandwidth limiting 
will occur in Case One. 
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D. Signal Transmission at VLF 



As discussed above, VLF signals have predictable propagation 
characteristics, with a dominant ground-wave transmission mode. They 
may be received reliably at long distances by aircraft, surface sta- 
tions, and submerged vehicles. For these reasons present day use has 
been generally dominated by the military and scientific communities. 

High radiated power is the basic requirement for successful operation. 

The entire VLF band from 10 to 30 kHz is only 20,000 Hertz 
wide. It is important to use this resource in the best manner pos- 
sible, which means a tradeoff between the number of channels available 
and the bandwidth of each channel. Since the amount of information 
and the speed at which it is sent are determining factors in selecting 
the required bandwidth, it is important to consider all the factors 
involved. 

In the discussion of VLF aerial systems it was pointed out 
that the aerial itself is usually a compromise in terms of the physical 
size which can be built. Due to top-loading and the small radiation 
resistance normally encountered the bandwidth is often less than 100 
Hertz. (For the aerial discussed in the Impedance Matching section, 
the aerial bandwidth alone was about 38 Hz while the overall aerial 
system bandwidth was 76 Hz.) Although the overall system bandwidth 
may be increased (as discussed in the following section) there is 
usually a high price tag attached. 

Prior to the 1950 f s most signalling at VLF was by CW (continuous 
wave) emission, also known as radio telegraphy. Reception was accom- 
plished by human operators who transcribed the CW signals into letters 
and words. Because of this keying speeds were generally limited to the 
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range of 15 to 20 words-per-minute, and the small bandwidths required 
were well within the typical 100 Hz aerial system limitations. In 
fact, much effort was expended in trying to reduce the loss resistance 
in the system so that power could be more efficiently radiated. The 
corresponding reduction in bandwidth. [see Equations (l.a) and (2)] 
would merely reduce the available system response down to that compatible 
with the keying requirements^ 

It is important to examine the more common form of emission 
used in radio communications, especially those which enjoy wide usage 
in the High Frequency (HF) spectrum from 2 to 30 MHz, and determine 
their applicability to VLF signal transmission. 

The normal voice or audio channel Is considered to have a 
3,000 Hz bandwidth requirement. Standard double-sideband Amplitude 
Modulation (AM) has two identical sidebands, so each station using AM 
would require at least a 6,000 Hz~ channel. This mode of emission may 
be eliminated from consideration since only three stations could 
operate in the entire VLF band* and. with, the aerial system discussed 
thus far the 100 Hertz bandwidth restriction would not permit 
operation. 

Single-sideband (SSB) with or without carrier,, can be considered 
to have only a 3,000 Hz bandwidth requirement o Although the number of 
operable channels could now be increased to six, the aerial bandwidth 
restriction would still not allow proper operation. 

Narrow Band Frequency Modulation (NBFM) systems are usually 
considered to have roughly the same bandwidth as normal AM systems, 
when carrying an audio signal, while Wide Band Frequency Modulation (FM) 
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is by definition a system with a greater modulation index (and 
consequently greater bandwidth) than NBFM. Both of these systems 
may be eliminated from consideration. 

The above systems (AM, SSB, NBFM, and FM) have been discussed 
using an audio signal. In the HF bands, it is common practice to use 
frequency multiplexing and place a number of Teletype channels in the 
place of one audio channel. The data rate of such a system is much 
greater than the original voice signal, and makes good use of a given 
3,000 Hz bandwidth. It would be interesting to try this same approach 
at VLF, but once again the determining factor is the bandwidth of the 
aerial system. 

Perhaps the most satisfying results may be obtained by starting 
with the major limitation, the aerial bandwidth, and seeing what type 
of system can best be used and still meet the restrictions. If 100 Hz 
is taken as the bandwidth for each channel, as many as 200 channels 
may be put in the VLF spectrum. 

Since CW operation was the most common form of signalling prior 
to the 1950's, it is important to look at its operating characteristics 
in more detail. It is basically a form of Amplitude Modulation, where 
the modulation is set at 100 per cent; that is, the carrier is either 
full on or completely off. This is binary (two-state) keying in its 
simplest form. 

Each letter and number is made up of from one to five parts or 
units. The basic unit is the "dot," a short duration "on" pulse, A 
"dash" is a longer pulse, equal in time duration to three consecutive 
dots. Spacing between dots and dashes is an "off" pulse (actually no 
pulse at all) equal in length to a dot. An "off" pulse equal in 
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length to a dash is used for spacing between letters. See Figure 24. 

The basic word has six characters, five letters and a space, plus two 

18 

extra dots at the end of the word. The standard length word for 
determining signalling rates in the military is CODEZ, which is the 
equivalent of 60 dots long. 

If a word consisting of five consecutive letter "e's" was to 
be sent it would require five dots for the "e's" alone and four dashes 
for the spaces between the letters, taking a total time equivalent to 
17 dots. The numeral zero (0) is represented by five dashes, with a 
space of a dot between each dash, for a total time of 19 dots. When 
sending a word consisting of five zeros, a time corresponding to 107 
dots would be required. 

In using CW consisting of only letters and numerals (punctua- 
tion marks are usually six units long) , a single word may range from 
17 to 107 dots in length. The International Morse Code is arranged 
such that the more commonly used English letters are shorter in time 
than the less common letters, but even so, one word may be more than 
six times longer than another. 

The bandwidth requirements for CW using International Morse 

18 

Code can be expressed approximately as: 

BW = h WPM . . . (72) 

CW 

where BW = bandwidth in Hertz 
cw 

WPM = Morse Code words-per-minute 

The standard word CODEZ has been used to determine Equation 
(72) , so the expression is applicable to both English words and random 
"five letter code groups," since it represents an average word length 
of 60 dots. However, the "five letter code groups" (often used as a 
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[Letter M A" is dot-dash] 



Figure 24. International Morse Code 
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Figure 25. Teletype Character (Letter "A") 
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